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An experimental study using t h e  Langley passenger r i d e  qua l i ty  apparatus 
(PRQA) w a s  conducted t o  determine t h e  subjective react ions of passengers t o  r o l l  
vibrat ions.  The data  obtained i l l u s t r a t e  the e f f e c t  upon human comfort of 
several  rol l -vibrat ion parameters: 
quency, and seat locat ion ( i . e . ,  distance from axis  of r o t a t i o n ) .  
analysis  of variance indicated t h a t  seat  locat ion had no e f f e c t  on discomfort 
ra t ings  of r o l l  vibrat ions.  The e f f e c t  of rol l -accelerat ion l e v e l  w a s  s i g n i f i -  
cant ,  and discomfort ra t ings  increased markedly with increasing rol l -accelerat ion 
l e v e l  at  a l l  r o l l  frequencies investigated.  O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  f a c t  
t h a t  the' re la t ionship  between discomfort ra t ings  and rol l -accelerat ion l e v e l  w a s  
l i n e a r  i n  nature.  The e f fec t  of roll frequency a l so  w a s  s ign i f icant  as w a s  t h e  
in te rac t ion  between rol l -accelerat ion l e v e l  and roll frequency. Thus, t h e  pre- 
d ic t ion  of discomfort response t o  roll vibration requires  knowledge of both 
rol l -accelerat ion l e v e l  and roll frequency. Other in te rac t ions  of t h e  r o l l  
parameters were not s ignif icant .  
namely, rol l -accelerat ion l e v e l ,  r o l l  f re -  
Results of an 
A N  EXPERIMENTAL STUDY FOR D E T E R M I N I N G  H U M A N  
DISCOMFORT RESPONSE TO ROLL V I B R A T I O N  
Jack D. Lea the rwood ,  Thomas K.  Dempsey, 
a n d  Sherman A .  C l e v e n s o n  
Lang ley  Research C e n t e r  
SUMMARY 
An e x p e r i m e n t a l  s t u d y  u s i n g  t h e  L a n g l e y  p a s s e n g e r  r i d e  q u a l i t y  
a p p a r a t u s  (PRQA) was c o n d u c t e d  t o  d e t e r m i n e  t h e  s u b j e c t i v e  r e a c t i o n s  
of p a s s e n g e r s  t o  r o l l  v i b r a t i o n s .  The da t a  o b t a i n e d  i l l u s t r a t e  t h e  
e f f e c t  upon human c o m f o r t  o f  s e v e r a l  r o l l - v i b r a t i o n  parameters: 
namely ,  r o l l - a c c e l e r a t i o n  l e v e l ,  r o l l  f r e q u e n c y ,  and  s e a t  l o c a t i o n  
( i . e . ,  d i s t a n c e  f rom a x i s  of r o t a t i o n ) .  R e s u l t s  o f  a n  a n a l y s i s  o f  
v a r i a n c e  i n d i c a t e d  t h a t  s ea t  l o c a t i o n  had no  e f f e c t  on d i s c o m f o r t  
r a t i n g s  o f  r o l l  v i b r a t i o n s .  The e f f e c t  o f  r o l l - a c c e l e r a t i o n  l e v e l  
was s i g n i f i c a n t ,  and  d i s c o m f o r t  r a t i n g s  i n c r e a s e d  m a r k e d l y  w i t h  
i n c r e a s i n g  r o l l - a c c e l e r a t i o n  l e v e l  a t  a l l  r o l l  f r e q u e n c i e s  i n v e s t i -  
g a t e d .  O f  p a r t i c u l a r  i n t e r e s t  i s - t h e  f a c t  t h a t  t h e  r e l a t i o n s h i p  
be tween d i s c o m f o r t  r a t i n g s  and  r o l l - a c c e l e r a t i o n  l e v e l  was l i n e a r  
i n  n a t u r e .  The e f f ec t  of r o l l  f r e q u e n c y  a l s o  was s i g n i f i c a n t  a s  
was t h e  i n t e r a c t i o n  be tween r o l l - a c c e l e r a t i o n  l e v e l  a n d  r o l l  f r e -  
quency .  Thus ,  t h e  p r e d i c t i o n  of d i s c o m f o r t  r e s p o n s e  t o  r o l l  v i b r a -  
t i o n  r e q u i r e s  knowledge  of b o t h  r o l l - a c c e l e r a t i o n  l e v e l  a n d  r o l l  
f r e q u e n c y .  O the r  i n t e r a c t i o n s  o f  t h e  r o l l  parameters were n o t  
s i g n i f i c a n t .  
I NT R*ODUC T IO N 
The d e v e l o p m e n t  of a c o m p r e h e n s i v e  model  t o  d e s c r i b e  and  p r e -  
d i c t  p a s s e n g e r  c o m f o r t  r e s p o n s e  t o  m u l t i d e g r e e - o f - f r e e d o m  v i b r a t o r y  
mot ion  i s  t h e  o b j e c t i v e  of a research program a t  t h e  NASA L a n g l e y  
Research C e n t e r .  Such a model  c o u l d  b e  u s e d  as  a p r e d i c t o r  o f  r i d e  
q u a l i t y  ( d i s c o m f o r t )  i n  new o r  advanced  t r a n s p o r t a t i o n  s y s t e m s  and  
a l s o  as  a d i a g n o s t i c  t o o l  t o  d e t e r m i n e  t h e  s o u r c e  o f  d i s c o m f o r t  of 
a n  u n s a t i s f a c t o r y  r i d e .  The model  i t s e l f  i s  o u t l i n e d  i n  d e t a i l  
i n  r e f e r e n c e  1. S e v e r a l  e x p e r i m e n t a l  s t u d i e s  o r i e n t e d  t o w a r d  t h e  
d e v e l o p m e n t  of  t h i s  model h a v e  been  c o n d u c t e d  a n d  r epor t ed  i n  ref-  
e r e n c e s  2 t o  7. These i n v e s t i g a t i o n s  t h u s  f a r  h a v e  been r e s t r i c t e d  
t o  t h e  v e r t i c a l - a n d - l a t e r a l  degrees  o f  f r eedom and h a v e  been  con-  
c e r n e d  w i t h  s u c h  f a c t o r s  a s  e x p e r i m e n t a l  me thodo logy  ( r e f s .  2 ,  3 ,  
and  41 ,  t h e  p s y c h o p h y s i c a l  r e l a t i o n s h i p s  g o v e r n i n g  human d i s c o m f o r t  
r e s p o n s e  t o  v e r t i c a l  v i b r a t i o n  s t i m u l i  ( r e f .  5 ) ,  and t h e  s y s t e m a t i c  
d e v e l o p m e n t  of c o n s t a n t  d i s c o m f o r t  c o n t o u r s  ( r e f s .  6 and  7 ) .  None 
of t h e  a f o r e m e n t i o n e d  s t u d i e s  has  b e e n  c o n c e r n e d  w i t h  a n g u l a r  
v i b r a t i o n s  s u c h  as  t h o s e  a s s o c i a t e d  w i t h  t h e  r o l l  a n d  p i t c h  d e g r e e s  
of freedom. I n  f a c t ,  a r e c e n t  s u r v e y  of  t h e  l i t e r a t u r e  on  e n v i r o n -  
m e n t a l  c r i t e r i a  f o r  human comfor t  ( r e f .  8 )  s p e c i f i c a l l y  n o t e d  a 
l a c k  o f  da t a  on s u b j e c t i v e  r e s p o n s e  t o  a n g u l a r  m o t i o n s .  O b v i o u s l y  
s u c h  m o t i o n s  a re  p r e s e n t  i n  a lmos t  a l l  t r a n s p o r t a t i o n  s y s t e m  
v e h i c l e s .  Some e x a m p l e s  of  m e a s u r e d  l e v e l s  o f  r o l l  a c c e l e r a t i o n  
a r e  g i v e n  i n  r e f e r e n c e  9 ( 1 . 5  rad/sec2 i n  r o l l  f o r  a B-52 a i r p l a n e )  
and  i n  r e f e r e n c e  10 ( u p  t o  2 .0  rad /sec2  f o r  p e r s o n a l  r a p i d  t r a n s i t  
v e h i c l e s ) .  I t  i s  n o t  a p p a r e n t  a t  t h e  p r e s e n t  time j u s t  wha t  r o l e  
t h e s e  a n g u l a r  m o t i o n s  p l a y  i n  human a s s e s s m e n t  of r i d e  comfor t .  
It  i s  t h e  p u r p o s e  of t h i s  p a p e r  t o  e x p l o r e  human comfort 
r e s p o n s e  t o  r o l l  v i b r a t i o n s ,  s p e c i f i c a l l y ,  t h e  e f f e c t  upon human 
c o m f o r t  of t h e  r o l l  v i b r a t i o n  f a c t o r s  o f  f r e q u e n c y  a n d  r o l l -  
a c c e l e r a t i o n  l e v e l .  I n  a d d i t i o n ,  t h e  e f f e c t  of  s ea t  l o c a t i o n  
( i . e . ,  d i s t a n c e  f r o m  t h e  a x i s  o f  r o t a t i o n )  on  comfor t  r e s p o n s e s  
w i t h i n  t h e  p a r t i c u l a r  t e s t  a p p a r a t u s  u s e d  i n  t h i s  s t u d y  w i l l  b e  
d i s c u s s e d .  The r e s u l t s  p r o v i d e  n e c e s s a r y  i n f o r m a t i o n  f o r  d e v e l o p -  
ment o f  t h e  p r e d i c t i v e  mode l .  
SYMBOLS 
d f  s t a t i s t i c a l  degrees  of  freedom 
f r o l l  f r e q u e n c y ,  Hz 
F F s t a t i s t i c  o r  F r a t i o  
P p r o b a b i l i t y  
R r o l l - a c c e l e r a t i o n  l e v e l ,  r ad /sec2  
t t s t a t i s t i c  o r  t - t e s t  
Randomiza t ion  w i t h o u t  r e p l a c e m e n t  i s  t h e  p r o c e s s  o f  r andomly  
s e l e c t i n g  e l e m e n t s  o f  a s e t  w i t h o u t  r e p l a c i n g  t h e  e l e m e n t  a f t e r  
each s e l e c t i o n .  
TEST APPARATUS 
The a p p a r a t u s  u s e d  i n  t h i s  s t u d y  i s  t h e  t h r e e - d e g r e e - o f -  
f r e e d o m  m o t i o n  s i m u l a t o r  c a l l e d  t h e  p a s s e n g e r  r i d e  q u a l i t y  a p p a -  
r a t u s  ( P R Q A )  l oca t ed  a t  t h e  N A S A  L a n g l e y  Research C e n t e r .  The 
s i m u l a t o r  i s  d e s c r i b e d  i n  d e t a i l  i n  r e f e r e n c e  1 1  a n d  t h e  reader  
i s  re fer red  t o  t h a t  r e f e r e n c e  f o r  i n f o r m a t i o n  r e l a t e d  t o  s y s t e m  
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o p e r a t i o n ,  c a p a b i l i t i e s ,  and d e s i g n .  F o r  t h i s  i n v e s t i g a t i o n ,  o n l y  
t h e  r o l l  d e g r e e  o f  f r eedom was s t u d i e d  and  t h e  c a p a b i l i t i e s  o f  t h e  
PRQA f o r , p r o d u c i n g  r o l l  a c c e l e r a t i o n s  are  g i v e n  i n  f i g u r e  1. Note 
t h a t  t h e  maximum a n g u l a r  a c c e l e r a t i o n s  ( r ad / sec2 )  o b t a i n a b l e  a r e  
a p p r o x i m a t e l y  6 . 3  rad/secL o v e r  t h e  f r e q u e n c y  r a n g e  of  1 .3  t o  5 Hz. 
Below a f r e q u e n c y  o f  1 .3  Hz t h e  s y s t e m  r e s p o n s e  i s  l i m i t e d  by  t h e  
d i s p l a c e m e n t  c a p a b i l i t i e s  o f  t h e  a c t u a t o r s  t o  k O . 1  rad.  Pho to -  
g r a p h s  o f  P R Q A  and  a s s o c i a t e d  p r o g r a m i n g  and  c o n t r o l  i n s t r u m e n t a -  
t i o n  are d i s p l a y e d  i n  f i g u r e  2. F i g u r e  2 ( a )  shows t h e  waitir?g ~ S G E  
where s u b j e c t s  were i n s t r u c t e d  as t o  t h e i r  p a r t i c i p a t i o n  i n  t h e  
e x p e r i m e n t ,  c o m p l e t i o n  o f  q u e s t i o n n a i r e s ,  a n d  s o  f o r t h .  Shown i n  
f i g u r e  2 ( b )  is  a model of P R Q A  i n d i c a t i n g  t h e  s u p p o r t s ,  a c t u a t o r s ,  
and r e s t r a i n t s  o f  t h e  t h r e e - a x i s  d r i v e  s y s t e m .  A p h o t o g r a p h  o f  
t h e  e x t e r i o r  o f  t h e  PRQA i s  p r e s e n t e d  i n  f i g u r e  2 ( c )  and  i t  s h o u l d  
be no ted  t h a t  t h e  a c t u a l  mechanisms which d r i v e  t h e  s i m u l a t o r  a r e  
l o c a t e d  b e n e a t h  t h e  p i c t u r e d  f l o o r .  
An i n t e r i o r  v i ew o f  PRQA w i t h  t h e  s u b j e c t s  sea ted  i n  f i rs t -  
c lass  a i r c r a f t  s ea t s  ( t o u r i s t  a i r c r a f t  s ea t s  were u s e d  i n  t h e  
p r e s e n t  s t u d y )  i s  p r e s e n t e d  i n  f i g u r e  2 ( d ) .  The c o n t r o l  c o n s o l e  
i s  shown i n  f i g u r e  2 ( e )  and  i s  l o c a t e d  a t  t h e  same l e v e l  a s  t h e  
s i m u l a t o r  t o  a l low t h e  c o n s o l e  c o n t r o l  o p e r a t o r  t o  c o n s t a n t l y  moni- 
t o r  s u b j e c t s  w i t h i n  t h e  s i m u l a t o r .  F i g u r e  2 ( f )  i s  a p h o t o g r a p h  
of t o u r i s t  a i r c r a f t  sea ts  u s e d .  
EXPERIMENTAL METHOD 
S u b j e c t s  
A t o t a l  o f  72 s u b j e c t s  (42  males, 30 females) p a r t i c i p a t e d  
i n  t h i s  s t u d y .  The s u b j e c t s  were u n d e r g r a d u a t e  s t u d e n t s  f rom Old 
Dominion U n i v e r s i t y  and  were p a i d  f o r  t h e i r  p a r t i c i p a t i o n  i n  t h e  
i n v e s t i g a t i o n .  The ages of  t h e  s u b j e c t s  r a n g e d  f rom 18 t o  45 years ,  
w i t h  a median  age o f  20 years .  The mean we igh t  o f  t h e  s u b j e c t s  
was 143 .2  pounds  ( 6 5  k g ) ,  w i t h  a s t a n d a r d  d e v i a t i o n  of  2 4 . 4  pounds  
( 1 1 . 1  k g ) .  
S u b j e c t i v e  E v a l u a t i o n  Scale  
A n i n e - p o i n t  u n i p o l a r  s ca l e ,  w i t h  a s s o c i a t e d  n u m e r i c a l  i n t e -  
gers ,  was u s e d  by each s u b j e c t  t o  e v a l u a t e  t h e  d i s c o m f o r t  o f  a 
v i b r a t i o n .  The sca le  was a n c h o r e d  a t  z e r o  w i t h  t h e  words "Comfort-  
able" o r  l lZero D i s c o m f o r t . "  The a n c h o r  a t  t h e  o p p o s i t e  end  of  t h e  
sca le  was llMaximum D i s c o m f o r t . "  Thus ,  t h e  s ca l e  c o n t i n u u m  o f  
i n c r e a s i n g  numbers  was i n t e r p r e t e d  as r e p r e s e n t i n g  i n c r e a s i n g  
degrees of d i scomfor t .  The s u b j e c t s  were i n s t r u c t e d  t o  i n t e r p r e t  
t h e  scale  i n  a n  e q u a l - i n t e r v a l  f a s h i o n .  The s u b j e c t s  were f u r t h e r  
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i n s t r u c t e d  t o  base e v a l u a t i o n s  upon t h e  d i scomfor t  o f  v i b r a t i o n s  
r a t h e r  t h a n  upon t h e  d e t e c t i o n  o f  i n t e n s i t y  l e v e l  d i f f e r e n c e s .  
a c t u a l  s u b j e c t  i n s t r u c t i o n s  and  r a t i n g  s c a l e s  a r e  g i v e n  i n  t h e  
a p p e n d i x .  
t h e  s u b j e c t s  were e x p o s e d  t o  low-discomfor t  a n d  h i g h - d i s c o m f o r t  
v i b r a t i o n s ,  a n d  t h e y  were d i r e c t e d  t o  u s e  t hese  a s  t h e  a n c h o r  
p o i n t s  most p e o p l e  would a p p l y  t o  t h e  o p p o s i t e  e n d s  o f  t h e  r a t i n g  
s c a l e .  
t h e  h i g h - d i s c o m f o r t  v i b r a t i o n  was 1 Hz a t  2.88 rad /sec2 .  
The 
P r i o r  t o  t h e  a p p l i c a t i o n  of  t h e  s t i m u l i  f o r  each s e s s i o n  
The l o w - d i s c o m f o r t  v i b r a t i o n  was 2 Hz a t  0 . 4 8  rad/sec2 a n d  
Th 
e v a l u a t  
d e f i n e d  
and  a t  
Test  P r o c e d u r e  
.e t a s k  f o r  each s u b j e c t  ( s i x  s u b j e c t s  c o n c u r r e n t l y )  was a n  
, i o n  o f  s u c c e s s i v e  " r i d e  s e g m e n t s . "  A " r i d e  s e g m e n t "  i s  
one o f  f o u r  l e v e l s  of r o l l  a c c e l e r a t i o n  ( 0 . 4 8 ,  0 . 9 6 ,  1 . 9 2 ,  
a s  a v i b r a t i o n  a t  o n e  of  f o u r  r o l l  f r e q u e n c i e s  ( 1  t o  4 Hz)  
and  2.88 r a d / s e c 2 ) .  
a d d i t i o n a l  r i s e  a n d  d e c a y  d u r a t i o n  of  3 s ec  each ,  a n d  a n  i n t e r -  
s t i m u l u s  i n t e r v a l  of 3 sec .  The  r i s e  a n d  d e c a y  p o r t i o n  o f  each 
s t i m u l u s  was a c h i e v e d  w i t h  t h e  u s e  o f  a n  e l e c t r o n i c  c i r c u i t  which  
p r o v i d e d  a ramp f u n c t i o n  o n s e t  a n d  o f f s e t  of  t h e  s i m u l a t o r  d r i v e  
s i g n a l .  Through  t h e  u s e  of a two-way a u d i t o r y  c o m m u n i c a t i o n  s y s -  
tem, t h e  s u b j e c t s  were i n s t r u c t e d  when t o  b e g i n  e v a l u a t i o n  by  t h e  
word l lstart l l  a n d  when t o  e n d  t h e  e v a l u a t i o n  by t h e  word l l s t o p . "  
The s u b j e c t s  were d i r e c t e d  t o  i g n o r e  r i s e  a n d  d e c a y  v i b r a t i o n s  t h a t  
o c c u r r e d  p r i o r  a n d  s u b s e q u e n t  t o  t h e  w o r d s  l l s ta r t l l  a n d  l l s t o p . l l  
The f o l l o w i n g  t a b l e  d i s p l a y s  t e s t i n g  f o r m a t  o f  t h e  p r e s e n t  s t u d y :  
The r i d e  s e g m e n t s  l a s t e d  f o r  10 sec w i t h  a n  
S e s s i o n  
I Ride 1 1 2 3 4 
s e g m e n t  
Each of t h e  f o u r  r o l l  f r e q u e n c i e s  was r a n d o m i z e d  w i t h o u t  rep lace-  
ment and r e p r e s e n t e d  t h e  f r e q u e n c y  c o n t e n t  o f  a s e s s i o n .  The f o u r  
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r o l l - a c c e l e r a t i o n  l e v e l s  were randomized  w i t h o u t  r e p l a c e m e n t  twice 
and  r e p r e s e n t e d  t h e  a c c e l e r a t i o n  l e v e l s  o f  t h e  e i g h t  r i d e  s e g m e n t s  
of a s e s s i o n .  Each s e s s i o n  las ted a p p r o x i m a t e l y  4 m i n ,  w i t h  a 
1-min res t  i n t e r v a l  be tween s e s s i o n s .  A t o t a l  o f  f o u r  d i f f e r e n t  
t e s t  s e q u e n c e s  ( i . e . ,  r a n d o m i z a t i o n  o f  r o l l  f r e q u e n c i e s ,  a n d  r o l l -  
a c c e l e r a t i o n  l e v e l s  w i t h i n  a f r e q u e n c y )  were u s e d  i n  t h e  i n v e s t i -  
g a t i o n  and  were repeated th ree  times each. However, each s u b j e c t  
( i n  g r o u p s  o f  s i x )  was e x p o s e d  t o  o n l y  o n e  s e q u e n c e  of t e s t s ,  and  
each s u b j e c t  o c c u p i e d  t h e  same s e a t  l o c a t i o n  t h r o u g h o u t  t e s t i n g .  
RESULTS A N D  DISCUSSION 
An a n a l y s i s  o f  v a r i a n c e  was computed i n  o r d e r  t o  p r o v i d e  a n  
o v e r a l l  summary o f  t h e  d i s c o m f o r t  due  t o  t h e  th ree  r o l l - v i b r a t i o n  
f a c t o r s  p r e v i o u s l y  d i s c u s s e d .  A t h r e e - d i m e n s i o n a l  a n a l y s i s  o f  
v a r i a n c e  ( 3  x 4 x 4 )  w i t h  repeated m e a s u r e s  on t h e  same s u b j e c t  
w i t h i n  a sea t  l o c a t i o n  a c r o s s  l e v e l s  o f  t h e  l a s t  two d i m e n s i o n s  was 
u s e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  s ea t  l o c a t i o n ,  r o l l - a c c e l e r a t i o n  
l e v e l ,  and  r o l l  f r e q u e n c y  upon discomfort  r e s p o n s e s .  (See t ab le  I 
and ref .  12 . )  T h e r e  were t h r e e  sea t  l o c a t i o n s  w i t h i n  t h e  f i r s t  
d i m e n s i o n ,  f o u r  l e v e l s  o f  r o l l  a c c e l e r a t i o n  i n  t h e  s e c o n d  dimen- 
s i o n ,  and  f o u r  l e v e l s  o f  r o l l  f r e q u e n c y  w i t h i n  t h e  t h i r d  d i m e n s i o n .  
The i n c l u s i o n  o f  r o l l  f r e q u e n c y  and  r o l l - a c c e l e r a t i o n  l e v e l  a s  
v a r i a b l e s  i s  o b v i o u s ,  b u t  t h e  i n c l u s i o n  of s ea t  l o c a t i o n  a s  a 
v a r i a b l e  r e q u i r e s  f u r t h e r  e x p l a n a t i o n .  The o r i e n t a t i o n  o f  t h e  
p a s s e n g e r  s ea t s  i s  i l l u s t r a t e d  i n  f i g u r e  3 ( a )  a s  v iewed  f rom a b o v e  
t h e  sea ts  and  i n  f i g u r e  3 ( b )  a s  viewed from a p o s i t i o n  i n  f r o n t  o f  
t h e  sea ts .  I n  t h e  s k e t c h  p r e s e n t i n g  t h e  t o p  v i e w ,  t h e  s e a t s  are  
labe led  i n  p a i r s  as  row 1 (window s e a t s ) ,  row 2 ( c e n t e r  s e a t s ) ,  
and  row 3 ( a i s l e  s e a t s ) .  F i g u r e  3 ( b )  shows t h e  c e n t e r  o f  r o t a t i o n  
f o r  t h e  r o l l  a x i s  and  t h e  a p p r o x i m a t e  d i s t a n c e s  t o  t h e  h e a d s  o f  
s u b j e c t s  seated f r o n t  o r  r ea r  i n  each of t h e  t h ree  rows .  Obvi- 
o u s l y ,  s u b j e c t s  seated i n  each of t h e  t h r e e  l o c a t i o n s  w i l l  e x p e r i -  
e n c e  some d i f f e r e n c e s  i n  t a n g e n t i a l - a n d - r a d i a l  a c c e l e r a t i o n  d u e  
t o  t h e  d i f f e r e n c e s  i n  d i s t a n c e  f rom t h e  a x i s  o f  r o t a t i o n .  Whether 
o r  n o t  these  d i f f e r e n c e s  i n  a c c e l e r a t i o n  g i v e  s i g n i f i c a n t  d i f f e r -  
e n c e s  i n  a p a s s e n g e r ' s  r e s p o n s e  is  d i s c u s s e d  i n  t h e  f o l l o w i n g  
s e c t i o n s .  
An o v e r a l l  summary of t h e  r e s u l t s  o f  t h e  a n a l y s i s  o f  v a r i a n c e  
i s  g i v e n  i n  t a b l e  11. The r e s u l t s  p r e s e n t e d  i n  t h e  l a s t  column 
(F r a t i o  co lumn)  i n d i c a t e  t h a t  t h e  e f f e c t  o f  sea t  l o c a t i o n  i s  n o t  
s i g n i f i c a n t ,  whereas t h e  e f f e c t s  o f  r o l l - a c c e l e r a t i o n  l e v e l  and  
r o l l  f r e q u e n c y ,  as  well a s  t h e i r  i n t e r a c t i o n ,  a r e  s i g n i f i c a n t .  
Each of t h e  t h ree  main e f f e c t s  - sea t  l o c a t i o n ,  r o l l - a c c e l e r a t i o n  
l e v e l ,  and  r o l l  f r e q u e n c y  - i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s  
i n  more d e t a i l .  
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Seat L o c a t i o n  
A s  m e n t i o n e d  e a r l i e r ,  t h e  e f f e c t  o f  s e a t  l o c a t i o n  o n  s u b -  
j e c t i v e  e v a l u a t i o n s  was n o t  s i g n i f i c a n t  f o r  t h e  p a r t i c u l a r  s e a t  
a r r a n g e m e n t  a n d  r o l l  a x i s  u s e d  i n  t h i s  s t u d y .  The o v e r a l l  e f f e c t  
of sea t  l o c a t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  4 which  shows t h e  mean 
d i s c o m f o r t  r a t i n g  ( a v e r a g e d  o v e r  r o l l  f r e q u e n c y  a n d  r o l l -  
a c c e l e r a t i o n  l e v e l )  p l o t t e d  as  a f u n c t i o n  of  s ea t  l o c a t i o n .  
I n s p e c t i o n  of t h i s  f i g u r e  r e v e a l e d  v e r y  l i t t l e  e f f e c t  o f  s ea t  loca -  
t i o n  as p o i n t e d  o u t  e a r l i e r  i n  t h e  d i s c u s s i o n  o f  t h e  r e s u l t s  o f  
t h e  a n a l y s i s  of v a r i a n c e .  D e s p i t e  t h e  f a c t  t h a t  t h e  o v e r a l l  e f f e c t  
of sea t  l o c a t i o n  was n o t  s i g n i f i c a n t ,  i t  was d e c i d e d  t o  t e s t  t h e  
a p r i o r i  h y p o t h e s i s  t h a t  d i f f e r e n c e s  i n  c o m f o r t  r a t i n g s  wou ld  be 
g rea t e r  between a i s l e  a n d  window sea t  l o c a t i o n s  ( o r  be tween  window 
and c e n t e r  sea t  l o c a t i o n s )  t h a n  be tween  t h e  a i s l e  a n d  c e n t e r  loca-  
t i o n s .  To t e s t  t h i s  h y p o t h e s i s ,  t - t e s t  v a l u e s  were computed 
between t h e  c o m f o r t  r a t i n g s  f o r  d i f f e r e n t  s e a t  l o c a t i o n s ,  b e c a u s e  
of t h e  p o s s i b i l i t y  t h a t  s u c h  d i f f e r e n c e s  c o u l d  b e  h i d d e n  by t h e  
da t a  a v e r a g i n g  p r o c e d u r e s  u s e d  i n  t h e  a n a l y s i s  o f  v a r i a n c e .  None 
of t h e s e  t - t e s t  c o m p a r i s o n s  were s i g n i f i c a n t :  t - v a l u e s  = 0 . 5 6 9 1 ,  
0 .5411,  and  1 .0991 ;  d e g r e e s  o f  f r e e d o m  = 766 f o r  window v s  c e n t e r ,  
window vs a i s l e ,  and  c e n t e r  v s  a i s l e  c o m p a r i s o n s ,  r e s p e c t i v e l y ,  
w i t h  -1.960 2 t - v a l u e  2 1 .960  n e e d e d  t o  a c h i e v e  s i g n i f i c a n c e  a t  
t h e  p < 0 . 0 5  l e v e l .  These f i n d i n g s  i n d i c a t e d  no  a p p a r e n t  d i f -  
f e r e n c e  be tween  s e a t  l o c a t i o n s .  These r e s u l t s  m u s t ,  h o w e v e r ,  b e  
q u a l i f i e d  by t h e  f a c t  t h a t  many v e h i c l e s  may b e  c o n f i g u r e d  d i f f e r -  
e n t l y  t h a n  t h e  t e s t  c a b i n  u s e d  i n  t h i s  s t u d y  a n d ,  c o n s e q u e n t l y ,  
t h e  p a s s e n g e r s  c o u l d  b e  l o c a t e d  a t  d i f f e r e n t  d i s t a n c e s  f r o m  t h e  
r o l l  a x i s  as w e l l  as  e x p e r i e n c e  d i f f e r e n t  l e v e l s  o f  r o l l  a cce l e ra -  
t i o n .  Thus,  t h e s e  r e s u l t s  a r e  n o t  i n t e n d e d  t o  b e  c o n s t r u e d  as  
g e n e r a l  r e s u l t s  b u t  a r e  r e s t r i c t e d  t o  t h e  p a r t i c u l a r  c a b i n  g e o m e t r y  
and r o l l  v i b r a t i o n s  s t u d i e d  h e r e i n .  The a u t h o r s  f e e l  t h o u g h  t h a t  
t h e  c o n f i g u r a t i o n  and  t h e  r o l l - v i b r a t i o n  e n v i r o n m e n t  a r e  r ep re -  
s e n t a t i v e  o f  many e x i s t i n g  t r a n s p o r t  v e h i c l e s .  
R o l l  A c c e l e r a t i o n  
The s e c o n d  main e f f e c t  o f  i n t e r e s t  o r  r o l l  a c c e l e r a t i o n  was 
s i g n i f i c a n t  as i n d i c a t e d  by t h e  d a t a  i n  t a b l e  11. T h i s  e f f e c t  i s  
d i s p l a y e d  i n  f i g u r e  5 w h i c h  shows t h e  mean d i s c o m f o r t  r a t i n g s  
( a v e r a g e d  o v e r  s e a t  l o c a t i o n  a n d  r o l l  f r e q u e n c y )  as  a f u n c t i o n  o f  
r o l l - a c c e l e r a t i o n  l e v e l .  T h i s  f i g u r e  shows  t h a t  d i s c o m f o r t  r a t i n g s  
i n c r e a s e  m a r k e d l y  as  r o l l - a c c e l e r a t i o n  l e v e l  i n c r e a s e s .  T a b l e  I11 
i s  a summary of t - t e s t  c o m p a r i s o n s  b e t w e e n  t h e  d i s c o m f o r t  r a t i n g s  
o f  t h e  d i f f e r e n t  r o l l - a c c e l e r a t i o n  l e v e l s  g i v e n  i n  t a b l e  I ,  a n d  
a l l  c o m p a r i s o n s  were f o u n d  t o  b e  s i g n i f i c a n t .  It s h o u l d  be n o t e d  
t h a t  t h e  r e l a t i o n s h i p  be tween  mean d i s c o m f o r t  r a t i n g  a n d  r o l l -  
a c c e l e r a t i o n  l e v e l  a p p e a r s  t o  be  h i g h l y  l i n e a r  i n  n a t u r e .  T h i s  
f i n d i n g  i s  s i m i l a r  t o  t h a t  of  p r e v i o u s  work ( s e e  r e f .  5 )  w h i c h  
i n d i c a t e d  a l i n e a r  r e l a t i o n s h i p  b e t w e e n  v e r t i c a l  a c c e l e r a t i o n  
l e v e l  a n d  m a g n i t u d e  e s t i m a t i o n s  o f  s u b j e c t i v e  d i s c o m f o r t .  
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R o l l  Frequency  
The t h i r d  main  e f f e c t  c o n s i d e r e d  i n  t h e  a n a l y s i s  o f  v a r i a n c e  
was t h a t  o f  r o l l  f r e q u e n c y  which was a l s o  a s i g n i f i c a n t  e f f e c t ,  a s  
t h e  da t a  i n  t a b l e  I1 show. F i g u r e  6 p r e s e n t s  t h e  mean d i s c o m f o r t  
r a t i n g  ( a v e r a g e d  o v e r  sea t  l o c a t i o n  and  r o l l - a c c e l e r a t i o n  l e v e l )  
f o r  each of t h e  r o l l  f r e q u e n c i e s  i n v e s t i g a t e d .  To d e t e r m i n e  i f  
r a t i n g s  v a r i e d  w i t h  f r e q u e n c y ,  t - t e s t  c o m p a r i s o n s  were made be tween  
each p a i r  o f  f r e q u e n c i e s ,  a n d  t h e  t v a l u e s  a r e  g i v e n  i n  t a b l e  I V .  
S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  i n  d i s c o m f o r t  r e s p o n s e  
o c c u r r e d  be tween  a l l  f r e q u e n c y  p a i r s  e x c e p t  f r e q u e n c i e s  o f  1 a n d  
2 Hz. 
R o l l - a c c e l e r a t i o n - l e v e l  a n d  r o l l - f r e a u e n c v  i n t e r a c t i o n . -  The 
a n a l y s i s  o f  v a r i a n c e  i n d i c a t e d  a s i g n i f i c a n t  i n t e r a c t i o n  be tween  
r o l l - a c c e l e r a t i o n  l e v e l  a n d  r o l l  f r e q u e n c y .  (See t a b l e  11.) T h i s  
i n t e r a c t i o n  is  d i s p l a y e d  g r a p h i c a l l y  i n  f i g u r e  7 which shows . t h e  
mean d i s c o m f o r t  r a t i n g  ( a v e r a g e d  o v e r  s ea t  l o c a t i o n )  a s  a f u n c t i o n  
o f  r o l l - a c c e l e r a t i o n  l e v e l  f o r  each f r e q u e n c y  o f  r o l l  v i b r a t i o n .  
T h i s  f i g u r e  i s  s i m p l y  a breakdown of f i g u r e  5 i n t o  i t s  r o l l -  
f r e q u e n c y  componen t s  a n d  i t  i s  s e e n  t h a t  t h e  t r e n d  i l l u s t r a t e d  i n  
f i g u r e  5 h o l d s  f o r  each i n d i v i d u a l  f r e q u e n c y .  A summary of t - t e s t  
c o m p a r i s o n s  be tween  t h e  d i s c o m f o r t  r a t i n g  o f  each f r e q u e n c y  a n d  
a t  each l e v e l  o f  r o l l  a c c e l e r a t i o n  is  p r e s e n t e d  i n  t a b l e  V .  S ig -  
n i f i c a n t  d i f f e r e n c e s  be tween  f r e q u e n c i e s  d i d  o c c u r  f o r  a l a r g e  
number o f  t h e  f r e q u e n c y  p a i r s  t e s t ed .  No te  i n  p a r t i c u l a r  t h a t  a t  
t h e  h i g h e s t  l e v e l  o f  r o l l  a c c e l e r a t i o n  a l l  f r e q u e n c y  p a i r s  demon- 
s t r a t e d  s i g n i f i c a n t  d i f f e r e n c e s .  F i g u r e  8 i l l u s t r a t e s  t h e  r o l l -  
a c c e l e r a t i o n - l e v e l  a n d  r o l l - f r e q u e n c y  r e l a t i o n s h i p  i n  a f o r m a t  t h a t  
d i s p l a y s  t h e  e f f e c t  o f  c h a n g e s  i n  r o l l - a c c e l e r a t i o n  l e v e l  a t  each 
f r e q u e n c y  on t h e  mean d i s c o m f o r t  r a t i n g .  T h i s  f i g u r e  i s  a decom- 
p o s i t i o n  o f  f i g u r e  6 i n t o  i t s  r o l l - a c c e l e r a t i o n - l e v e l  componen t s .  
Once a g a i n  t h e  e f f e c t  o f  r o l l - a c c e l e r a t i o n  l e v e l  i s  r e a d i l y  a p p a r -  
e n t .  The t - t e s t  c o m p a r i s o n s  between d i s c o m f o r t  r a t i n g  f o r  each 
l e v e l  o f  r o l l  a c c e l e r a t i o n  a t  each f r e q u e n c y  a r e  g i v e n  i n  t a b l e  V I  
a n d  were a l l  s i g n i f i c a n t  ( p  < 0 .05) .  The i m p l i c a t i o n  o f  these  
r e s u l t s  i s  t h a t  a p r e d i c t i o n  of t h e  d i s c o m f o r t  c o n t r i b u t i o n  d u e  t o  
t h e  r o l l  component  o f  m o t i o n  p r e s e n t  i n  a v e h i c l e  w i l l  r e q u i r e  
knowledge  o f  r o l l  f r e q u e n c y ,  r o l l - a c c e l e r a t i o n  l e v e l ,  a n d  t h e i r  
i n t e r a c t i o n .  
Other  i n t e r a c t i o n s . -  The i n t e r a c t i o n  be tween  sea t  l o c a t i o n  
a n d  r o l l - a c c e l e r a t i o n  l e v e l  was n o t  s i g n i f i c a n t .  (See t a b l e  11; 
F r a t i o  = 1.08 . )  T h i s  l a c k  of i n t e r a c t i o n  i s  shown i n  f i g u r e  9 
which  p r e s e n t s  t h e  mean d i s c o m f o r t  r a t i n g  as  a f u n c t i o n  of r o l l -  
a c c e l e r a t i o n  l e v e l  f o r  each sea t  l o c a t i o n .  A l t h o u g h  t h e  g r a p h  
shows some spread  be tween  t h e  p o i n t s  a t  each r o l l - a c c e l e r a t i o n  
l e v e l  f o r  each seat l o c a t i o n ,  t h e s e  d i f f e r e n c e s  a r e  n o t  s t a t i s -  
t i c a l l y  s i g n i f i c a n t .  The r e l a t i o n s h i p s  be tween  s ea t  l o c a t i o n  
a n d  r o l l  f r e q u e n c y  a re  i l l u s t r a t e d  i n  f i g u r e  10.  A g a i n ,  t h e  
i n t e r a c t i o n  be tween  t hese  two  f a c t o r s  was n o t  s i g n i f i c a n t .  (See 
t a b l e  11; F r a t i o  = 1 . 6 5 . )  It s h o u l d  b e  k e p t  i n  mind t h a t  
7 
these  r e s u l t s  a r e  s p e c i f i c  t o  t h e  s i m u l a t o r  ( P R Q A )  u s e d  i n  t h i s  
s t u d y .  
C O N C L U D I N G  REMARKS 
An e x p e r i m e n t a l  i n v e s t i g a t i o n  was c o n d u c t e d  t o  d e t e r m i n e  
human d i s c o m f o r t  r e s p o n s e  t o  r o l l  v i b r a t i o n s  a n d ,  s p e c i f i c a l l y ,  
t o  i n v e s t i g a t e  p o s s i b l e  i n t e r a c t i o n s  be tween  r o l l  f r e q u e n c y ,  r o l l -  
a c c e l e r a t i o n  l e v e l ,  a n d  p a s s e n g e r  s e a t  l o c a t i o n .  The d a t a  i n d i -  
c a t e d  t h a t  s ea t  l o c a t i o n  had  n o  s i g n i f i c a n t  e f f e c t  on  d i s c o m f o r t  
r e s p o n s e  r a t i n g  o f  r o l l  v i b r a t i o n s .  T h i s  r e s u l t ,  h o w e v e r ,  i s  
based upon da ta  o b t a i n e d  from t h e  p a r t i c u l a r  c a b i n  c o n f i g u r a t i o n  
u s e d  i n  t h i s  s t u d y  a n d  g e n e r a l i z a t i o n  t o  o t h e r  c o n f i g u r a t i o n s  w i t h  
d i f f e r e n t  r o l l - a x i s  l o c a t i o n s  may o r  may n o t  b e  a p p r o p r i a t e .  The 
e f f e c t  of  r o l l - a c c e l e r a t i o n  l e v e l  was s i g n i f i c a n t  w i t h  d i s c o m f o r t  
r a t i n g  i n c r e a s i n g  m a r k e d l y  a t  a l l  r o l l  f r e q u e n c i e s  i n v e s t i g a t e d  
as r o l l - a c c e l e r a t i o n  l e v e l  i n c r e a s e d .  O f  p a r t i c u l a r  n o t e  was t h e  
l i n e a r  n a t u r e  o f  t h e  r e l a t i o n s h i p  be tween  d i s c o m f o r t  r a t i n g  a n d  
r o l l - a c c e l e r a t i o n  l e v e l .  Such  a r e l a t i o n s h i p  i s  i n  f u l l  a g r e e m e n t  
w i t h  t h e  p s y c h o p h y s i c a l  r e l a t i o n s h i p  p r e v i o u s l y  d e t e r m i n e d  f o r  
human d i s c o m f o r t  r e s p o n s e  t o  t r a n s l a t i o n a l  a c c e l e r a t i o n s  i n  t h e  
v e r t i c a l  a x i s .  The d e m o n s t r a t i o n  o f  s u c h  a l i n e a r  r e l a t i o n s h i p  
s h o u l d  g r e a t l y  f a c i l i t a t e  t h e  d e v e l o p m e n t  o f  r i d e - q u a l i t y  c r i t e r i a .  
The e f f e c t  o f  r o l l  f r e q u e n c y  a l s o  was s t a t i s t i c a l l y  s i g n i f i c a n t  
f o r  a l l  r o l l - f r e q u e n c y  p a i r s  e x c e p t  be tween  f r e q u e n c i e s  of  1 a n d  
2 Hz. T h i s  f i n d i n g ,  combined w i t h  t h e  s i g n i f i c a n t  i n t e r a c t i o n  
o c c u r r i n g  be tween  r o l l - a c c e l e r a t i o n  l e v e l  a n d  r o l l  f r e q u e n c y ,  
i m p l i e s  t h a t  p r e d i c t i o n  o f  d i s c o m f o r t  r e s p o n s e  t o  r o l l  v i b r a t i o n  
r e q u i r e s  knowledge  o f  b o t h  r o l l - a c c e l e r a t i o n  l e v e l  and  r o l l  f r e -  
q u e n c y .  F i n a l l y ,  t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  o t h e r  i n t e r a c t i o n s  
( s e a t  l o c a t i o n  a n d  r o l l - a c c e l e r a t i o n  l e v e l ,  a n d  seat  l o c a t i o n  a n d  
f r e q u e n c y )  were n o t  s i g n i f i c a n t  a n d  t h e r e f o r e  o f  n o  p a r t i c u l a r  con- 
c e r n  i n  t h e  d e v e l o p m e n t  o f  r i d e - q u a l i t y  c r i t e r i a  f o r  v e h i c l e s  con-  
f i g u r e d  s i m i l a r l y  t o  t h e  o n e  u s e d  i n  t h i s  s t u d y .  
L a n g l e y  Research C e n t e r  
N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n  
Hampton, VA 23665 




You h a v e  v o l u n t e e r e d  t o  p a r t i c i p a t e  i n  a research p rogram 
t o  i n v e s t i g a t e  t h e  q u a l i t y  of r ides.  S p e c i f i c a l l y ,  we w i s h  t o  
i d e n t i f y  t h e  t y p e s  o f  v i b r a t i o n  i n  t r a n s p o r t a t i o n  v e h i c l e s  which 
most, i n f l u e n c e  8 p e r s o f i t s  s e n s e  of w e l l - b e i n g .  Tn assess t h e  
i n f l u e n c e  o f  these  v i b r a t i o n s ,  we have b u i l t  a s i m u l a t o r  which 
c a n  e x p o s e  p a s s e n g e r s  t o  r e a l i s t i c  r ide  m o t i o n s .  The s i m u l a t o r  
e s s e n t i a l l y  p r o v i d e s  no  r i s k  t o  p a s s e n g e r s .  The s y s t e m  has been  
d e s i g n e d  t o  meet s t r i n g e n t  s a fe ty  r e q u i r e m e n t s  s u c h  t h a t  i h  c a n n o t  
e x p o s e  s u b j e c t s  t o  m o t i o n s  which a r e  known t o  c a u s e  i n j u r y .  It 
c o n t a i n s  many b u i l t - i n  s a f e t y  f e a t u r e s  w h i c h  a u t o m a t i c a l l y  s h u t  
t h e  s y s t e m  down i f  i t  d o e s  n o t  pe r fo rm p r o p e r l y .  
The v i b r a t i o n s  t h a t  you w i l l  r e c e i v e  t o d a y  a r e  r e p r e s e n t a t i v e  
of  t h e  v i b r a t i o n s  you may e x p e r i e n c e  i n  a n  a i r p l a n e .  You w i l l  
e n t e r  t h e  s i m u l a t o r ,  t ake  a s e a t ,  f a s t e n  t h e  s e a t b e l t ,  and  a s sume  
a c o m f o r t a b l e  p o s i t i o n  w i t h  b o t h  f e e t  o n  t h e  f l o o r .  S e l e c t e d  
v i b r a t i o n s  w i l l  t h e n  be a p p l i e d  t o  t h e  c a b i n .  You a re  t o  make 
y o u r s e l f  as  c o m f o r t a b l e  and  relaxed as  p o s s i b l e  w h i l e  t h e  t e s t  i s  
b e i n g  c o n d u c t e d .  However,  you must  k e e p  y o u r  f e e t  on  t h e  f l o o r  
and k e e p  y o u r  s ea tbe l t s  f a s t e n e d  a t  a l l  times. Dur ing  t h e  t e s t s  
you w i l l  a t  a l l  times b e  i n  two-way communica t ion  w i t h  t h e  t e s t  
c o n d u c t o r .  
You h a v e  t h e  o p t i o n  a t  a n y  t ime a n d  f o r  a n y  r e a s o n  t o  termi- 
n a t e  t h e  tests i n  a n y  o n e  o f  t h r e e  ways: ( 1 )  by p r e s s i n g  o v e r h e a d  
b u t t o n  l a b e l e d  t t s t o p , v t  ( 2 )  by v o i c e  communica t ion  w i t h  t h e  t e s t  con-  
d u c t o r ,  o r  ( 3 )  by u n f a s t e n i n g  y o u r  s ea tbe l t .  Because o f  i n d i v i d u a l  
d i f f e r e n c e s  i n  p e o p l e ,  t h e r e  i s  a l w a y s  t h e  p o s s i b i l i t y  t h a t  someone 
may f i n d  t h e  m o t i o n s  o b j e c t i o n a b l e  and may n o t  w i s h  t o  c o n t i n u e .  
If t h i s  s h o u l d  happen  t o  y o u ,  p lease  d o  n o t  h e s i t a t e  t o  s t o p  t h e  
t e s t s  by o n e  o f  t h e  m e t h o d s  a b o v e .  
The t a s k  you w i l l  b e  r e q u i r e d  t o  p e r f o r m  i s  t o  e v a l u a t e  t h e  
d i s c o m f o r t  a s s o c i a t e d  w i t h  v a r i o u s  r i d e  s e g m e n t s .  Each r i d e  seg- 
men t ,  t o  b e  e v a l u a t e d  by y o u r s e l f ,  w i l l  be  p r e s e n t e d  t o  you f o r  a 
t o t a l  o f  20 s e c o n d s .  I w i l l  s p e c i f y  t h e  s t a r t  of a r i d e  segmen t  
w i t h  t h e  word t t s ta r t , t t  and I w i l l  s p e c i f y  t h e  end  o f  a r i d e  segmen t  
w i t h  t h e  word f t s t o p . t t  E v a l u a t e  t h e  d i s c o m f o r t  of a v i b r a t i o n  con-  
t a i n e d  i n  a r i d e  segment  i n  terms of  t h e  f o l l o w i n g  d i s c o m f o r t  
scale  : 
Z E R O  M A X I M U M  
DISCOMFORT DISCOMFORT 
0 1 2 3 4 5 6 7 8 
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There w i l l  be  s e v e r a l  s e c o n d s  be tween  s u c c e s s i v e  r i d e  s e g -  
m e n t s  t o  a l l o w  you t o  mark y o u r  e v a l u a t i o n  o f  d i s c o m f o r t .  
d i s c o m f o r t  ( a s s o c i a t e d  w i t h  t h e  v i b r a t i o n  o f  each r i d e  s e g m e n t )  by 
p l a c i n g  a checkmark  ( e . g . ,  J )  upon t h e  s c a l e  c o n t i n u u m .  T r y  t o  b e  
c a r e f u l  i n  r e c o r d i n g  y o u r  e v a l u a t i o n s  b e c a u s e  t h e  p o i n t  o f  t h e  
checkmark ( J )  w i l l  b e  u s e d  f o r  i n t e r p r e t a t i o n  o f  d i s t a n c e  a l o n g  t h e  
s c a l e .  
E v a l u a t i o n  m a r k s . -  You s h o u l d  r e c o r d  y o u r  e v a l u a t i o n  o f  t h e  
Scale i n t e r p r e t a t i o n . -  
Z E R O  M A X I M U M  
DISCOMFORT DISCOMFORT 
0 1 2 3 4 5 6 7 8 
The d i s c o m f o r t  s c a l e  s h o u l d  be  i n t e r p r e t e d  a s  i f  e q u a l  numer- 
i c a l  d i s t a n c e s  r e p r e s e n t e d  e q u a l  d i s c o m f o r t .  F o r  e x a m p l e ,  t h e  
m a g n i t u d e  o f  d i s c o m f o r t  between 1 and  2 i s  e q u a l  t o  t h e  m a g n i t u d e  
of d i s c o m f o r t  be tween  5 and  6 .  The t o t a l  c o n t i n u u m  s h o u l d  b e  con-  
c e i v e d  a s  r e p r e s e n t i n g  i n c r e a s i n g  d i s c o m f o r t  v a l u e s  ( smal les t  t o  
g r e a t e s t )  you may a s s o c i a t e  w i t h  v i b r a t i o n .  I n  a d d i t i o n ,  i t  s h o u l d  
be  emphas ized  t h a t  y o u r  e v a l u a t i o n  o f  d i s c o m f o r t  s h o u l d  b e  b a s e d  
o n l y  upon v i b r a t i o n .  C e r t a i n l y ,  you c o u l d  e v a l u a t e  t h e  d i s c o m f o r t  
o f  a r i d e  segmen t  b a s e d  upon o t h e r  f a c t o r s  a s  t e m p e r a t u r e ,  p r e s -  
s u r e ,  e t c .  However, r e s t r i c t  y o u r  d i s c o m f o r t  e v a l u a t i o n s  t o  v a r i a -  
t i o n s  of v i b r a t i o n .  
The s c a l e  w i l l  b e  more m e a n i n g f u l  when you a r e  g i v e n  s e v e r a l  
p r a c t i c e  r i d e  segmen t  v i b r a t i o n s .  T h e  p r a c t i c e  s e g m e n t s  w i l l  con -  
t a i n  r e p r e s e n t a t i v e  v i b r a t i o n s  t h a t  c o u l d  be  e v a l u a t e d  a l o n g  t h e  
d i s c o m f o r t  c o n t i n u u m .  You w i l l  b e  g i v e n  a t o t a l  o f  two  p r a c t i c e  
r i d e  s e g m e n t s .  
C o n s i s t e n c v . -  I t  i s  t y p i c a l  f o r  p a r t i c i p a n t s  i n  t h e  s t u d y  t o  
I f t r y  and be  c o n s i s t e n t . "  I n s t e a d  o f  t r y i n g  t o  b e  c o n s i s t e n t  w i t h  
p r e v i o u s  r i d e  s e g m e n t s ,  t r y  a n d  e v a l u a t e  each s e g m e n t  w i t h o u t  l o o k -  
i n g  a t  e v a l u a t i o n s  o f  p r e v i o u s  r i d e  s e g m e n t s .  Please do n o t  b e  
c o n c e r n e d  a b o u t  w h e t h e r  y o u r  r a t i n g s  a g r e e  w i t h  t h e  o t h e r s  i n  t h e  
s i m u l a t o r  w i t h  you.  Remember we want  t o  know how d i f f e r e n t  p e o p l e  
f e e l  a b o u t  t h e  r i d e .  You may t a l k  b e t w e e n  t h e  s e g m e n t s  you a r e  
t o  r a t e ,  b u t  p l e a s e  do n o t  t a l k  d u r i n g  them.  It i s  a l s o  t y p i c a l  
f o r  p a r t i c i p a n t s  t o  f e e l  t h a t  t h e y  a r e  n o t  d o i n g  w e l l  a t  t h i s  t a s k .  
It i s  u s u a l l y  t r u e ,  h o w e v e r ,  t h a t  p a r t i c i p a n t s  a r e  d o i n g  b e t t e r  
t h a n  t h e y  t h i n k  t h e y  a r e ,  s o  d o n ' t  b e  d i s c o u r a g e d  i f  you f i n d  t h e  
t a s k  d i f f i c u l t  o r  monotonous a t  t imes.  
Remember. - 
I 1 .  L i s t e n  f o r  t h e  words  l l s t a r t l l  and  r r s t o p . l l  
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2. E v a l u a t e  t h e  v i b r a t i o n  o f  each  r i d e  segmen t  i n  terms o f  
I 
1 t h e  d i s c o m f o r t  you a s s o c i a t e  w i t h  s u c h  a r i d e .  
I 3. I n t e r p r e t  t h e  d i s c o m f o r t  s ca l e  as  i f  e q u a l  n u m e r i c a l  d i s -  
t a n c e s  r e p r e s e n t  e q u a l  d i s c o m f o r t  m a g n i t u d e s .  
, 4. C a r e f u l l y  place y o u r  e v a l u a t i o n  mark on  t h e  c o n t i n u u m .  
Are t h e r e  a n y  q u e s t i o n s ?  
(Upon e n t e r i n g  t h e  s i m u l a t o r ,  t h e  s u b j e c t  s h o u l d  be t o l d : )  
Please b e  sea ted  and f a s t e n  your  s e a t b e l t .  (Wait u n t i l  a l l  
t h e  s u b j e c t s  a r e  r e a d y . )  Now, t h e  m i r r o r  you see i n  f r o n t  o f  you 
i s  a one-way m i r r o r ,  and  as  I t o l d  you b e f o r e ,  t h e  t e s t  c o n d u c t o r  
w i l l  be  a b l e  t o  hear e v e r y t h i n g  you s a y .  A l s o ,  i f  you w i s h  t o  end  
t h e  t e s t ,  you c a n  undo y o u r  s e a t b e l t ,  p r e s s  o n e  o f  t h e s e  l i t t l e  
b u t t o n s  ( p o i n t  t o  b o t h ) ,  o r  you can a s k  t h e  t e s t  c o n d u c t o r  t o  s t o p  
t h e  t e s t  and  l e t  you o u t .  
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TABLE 111.- SUMMARY OF t-TESTS BETWEEN THE DISCOMFORT 
RATINGS OF DIFFERENT ROLL-AC CELERATION L E V E L S ~  
R o l l - a c c e l e r a t i o n  l e v e l  
c o m p a r i s o n s  
R 0 . 4 8  vs R 0 . 9 6  
R 0 . 4 8  vs R 1 . 9 2  
R ~ . 4 a  v s  R2.88 
'0.96 vs R 1 . 9 2  
R0 .96  vs R 2 . 8 8  
'1.92 vs R 2 . 8 8  







aThe v a l u e s  w i t h  a s t e r i s k s  were s t a t i s t i c a l l y  
s i g n i f i c a n t  ( p  < 0 . 0 5 ) ;  -2 .000  >= t - t e s t  v a l u e s  >= 2.000 
needed  t o  a c h i e v e  s t a t i s t i c a l  s i g n i f i c a n c e  f o r  d f  = 7 1 .  
TABLE 1V.-SUMMARY OF t - T E S T S  BETWEEN THE DISCOMFORT 
R A T I N G S  OF DIFFERENT ROLL FREQUENCIESa 
R o l l  f r e q u e n c y  
c o m p a r i s o n s  
f l  v s  f 2  
f l  v s  f 3  
f l  v s  f 4  
f 2  v s  f 3  
f 2  v s  f 4  
f 3  v s  f 4  
t - v a l u e s  






aThe v a l u e s  w i t h  a s t e r i s k s  were s t a t i s t i c a l l y  
s i g n i f i c a n t  ( p  .c 0 . 0 5 ) ;  -2.000 2 t - t e s t  v a l u e s  2 2 . 0 0 0  
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. 1  
Figure 1.- PRQA capability in roll motion. 
18 
(a) Waiting room. 
(c) Simulator exterior. 
(e) Control console. 
(b) Model of P R Q A .  
(d) Simulator interior. 
( f )  Tourist-class seats. 
L-75-218 
Figure 2.- Langley passenger ride quality apparatus ( P R Q A ) .  
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Cabin wall 
Rear  sea ts  
Front sea ts  
( a )  Top v iew.  
Cabin wall 
\-ROH axis 
(b) F r o n t  v iew.  









0 I 1 I 
Window Center Aisle 
Seat location 
Figure 4.- Overall  e f f e c t  of s e a t  l oca t ion  an mean 
discomfort r a t ing .  
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2 Roll- ac  cele ration level, rad/sec 
F i g u r e  5 . -  O v e r a l l  e f f e c t  of  r o l l - a c c e l e r a t i o n  l e v e l  c.m mean 








I I I I 
1 2 3 4 
Roll frequency, Hz 
F i g u r e  6.- O v e r a l l  e f f e c t  o f  r o l l  f r e q u e n c y  on mean 
discomfort  r a t i n g .  
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I I I I I I 
.5 1 .o 1.5 2 .o 2.5 3.0 
2 Roll-acceleration level, rad/sec 
F i g u r e  7.-  I n t e r a c t i o n  b e t w e e n  r o l l - a c c e l e r a t i o n  l e v e l  
a n d  r o l l  f r e q u e n c y .  
24 




*I\, ---e--- 2.88 % -- yx 








0 1 2 3 
Roll frequency, Hz 
4 
F i g u r e  8.- Mean d i s c o m f o r t  r a t i n g  a s  a f u n c t i o n  o f  r o l l  
f r e q u e n c y  f o r  each r o l l - a c c e l e r a t i o n  l e v e l .  
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Seat location 
eRow 1 (window) 
---a--- Row 2 (center)  




I I I 1 I 1 
.5 1 .o 1.5 2.0 2.5 3 .O 
2 Roll-acceleration level, rad/sec 
F i g u r e  9.-  Mean d i s c o m f o r t  r a t i n g  as  a f u n c t i o n  of  r o l l -  
a c c e l e r a t i o n  l e v e l  f o r  each s e a t  l o c a t i o n .  
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Seat location 
--c-* Row 1 (window) 
- -I)--  Row 2 (center) 
--&-- Row 3 (aisle) 
I I I 1 
1 2 3 4 
Roll frequency, Hz 
F i g u r e  10.-  Mean d i s c o m f o r t  r a t i n g  a s  a f u n c t i o n  of  r o l l  
f r e q u e n c y  f o r  each s e a t  l o c a t i o n .  
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